Oncolytic viruses (OVs) preferentially target and kill cancer cells without affecting healthy cells through a multi-modal mechanism of action. While historically the direct killing activity of OVs was considered the primary mode of action, initiation or augmentation of a host antitumor immune response is now considered an essential aspect of oncolytic virotherapy. To improve oncolytic virotherapy, many studies focus on increasing virus replication and spread. In this article, we open for discussion the traditional dogma that correlates replication with the efficacy of OVs, pointing out several examples that oppose this principle.
Introduction
Widely considered to be a promising modern-age treatment strategy, cancer immunotherapy is playing an increasingly important role in cancer treatment, with more than one thousand clinical trials currently in progress worldwide. 1 Among the many immunotherapies being developed, oncolytic viruses (OVs) are gaining traction as potential clinical therapeutic agents, with a Herpes simplex virus type 1 (HSV-1) based OV recently approved by the USA Food and Drug Administration (FDA) for the treatment of melanoma. 2 The great potential of OVs to fight cancer is driving different combinatorial approaches to improve oncolytic virotherapy (OVT), most of them predicated on a dual mode of action. 3, 4 However, how OVs work is complex and still largely unknown. Thus, a deeper understanding of the multi-modal activity of OVs is essential to strategically raise OVT to the next level and to design relevant clinical therapy approaches.
OVs have varying efficacy in treating cancer not only in preclinical models but also in phase I to phase III clinical trials. 5 OVs preferentially target and kill cancer cells while having minimal to no detrimental effects on normal cells by exploiting biochemical differences between healthy and transformed cells 6 ( Figure 1 ). Cancer cells evolve to resist apoptosis and growth suppression, evade immune system control and proliferate indefinitely, characteristics that favor viral replication. 7 Moreover, many cancer cells develop defects in cellular antiviral response pathways, like the type I interferon (IFN) signaling pathway, rendering them more permissive to viral infection. 8 This tumor-specific essence of OVs makes them appealing as a cancer therapy since they rarely induce off-target toxicities often seen with conventional therapies. Furthermore, OVs can kill cancer stem cells and replicate in hypoxic environments and in drug-resistant cells. 9, 10 In addition to directly killing cancer cells, OVs initiate or augment host innate and adaptive tumor-specific immune responses that exert cytotoxicity to surviving cancer and stromal cells. 11, 12 Several studies have demonstrated that antitumor immunity plays an important role in the overall efficacy of OVT, inducing long-lasting protection against a variety of cancers, including those with the most dismal outcomes. 13 Various approaches have been explored to improve OV antitumoral activity. Many studies focus on increasing virus replication and spread, as traditional dogma correlates replication with efficacy. 14, 15 However, this dogma has been called into question over the last few years, leaving open the question if productive viral replication, and even oncolysis itself, are essential for OVT. In this article, we will review the historical advances of OVs and the crucial role of host antitumor immunity in OVT. Finally, we will discuss findings that are questioning the importance of productive, lytic infection in the success of OVT.
History of OVs: from a natural viral infection to programmed weapons to target cancer
For more than a century, viruses have been pursued as possible agents of tumor destruction. Even before their full potential was first recognized, viruses demonstrated antitumor activity. Case reports from the early and mid-1900s describe short-lasting cancer remission, typically one or two months, in the context of natural viral infection. Most of the patients were suffering from hematological malignancies such as leukemia or lymphoma, known to be associated with significant suppression of the immune system. Probably one of the most widely cited cases belongs to a woman with myelogenous leukemia that went into remission after a presumed influenza infection, as influenza was identified as a virus more than 30 years later. 16 Another case describes the spontaneous regression of lymphatic leukemia in a 4-year-old boy after chickenpox infection. 17 Only a few days after developing the classic varicella rash, his white count fell to normal, his platelet count and hemoglobin increased significantly, and examination of his bone marrow confirmed that he was in remission. However, the remission lasted only one month, after which the cancer progressed rapidly until death. More recent clinical reports have described the regression of leukemia, Hodgkin's disease, and Burkitt's lymphoma after natural measles infection. 18 The picture of an 8-year-old African boy with right orbital swelling due to Burkitt's lymphoma, whose facial tumor completely regressed after measles infection with a complete remission of more than 4 months, has traveled around the world as a classical case of measles virus natural antitumor activity. 19 In the 1950s and 1960s, the understanding of viruses accelerated rapidly due to the development of cell and tissue culture systems that allowed ex vivo virus propagation. Additionally, the advent of xenograft murine cancer models provided the opportunity to test the in vivo antitumor activity of OVs under controlled conditions. While several human and animal viruses were found to cause complete tumor regression in mice, they were less effective in patients and virus virulence was a major concern. [20] [21] [22] The true potential of OVT was not realized until a couple of decades later when recombinant DNA technology became standard to enhance safety. 22 The first description of a virus engineered to replicate selectively in dividing cells was a thymidine kinasenegative mutant of HSV-1 as a potential therapy for gliomas. 23 Due to the application of new technology to genetically modify viruses, the field has expanded dramatically. The main question has been which modification should be made to generate the most potent, yet safe, OV. Original dogma correlated virus replication with anticancer efficacy, focusing attention on enhancing the selectivity and potency of direct OV-mediated cancer cell lysis and viral spread through the tumor mass. 24 Following this dogma, three types of modifications were investigated: targeting, arming and shielding. 25 Targeting modifications introduce or increase cancer cell specificity, improving the safety and efficacy of OVs. For example, deletion of the ICP0 gene of HSV-1 allows selective replication in human cancer cells. 26 The ICP0 protein subverts the activity of type I IFN, an anti-proliferative and anti-viral innate immune cytokine. Since mutations within the IFN pathway are a hallmark of cellular immortalization and transformation, 27 many cancer cells harbor mutations in IFN-related pathways. Accordingly, ICP0-null oncolytic HSV-1 viruses productively infect cancer cells but are unable to replicate in healthy cells with normal IFN production and responses. 26 Another example is oncolytic adenovirus H101, which was the first OV clinically approved by Chinese regulators in 2005 to treat head and neck cancer. H101 has two deletions in the E1B gene and the E3 region that confer the ability to selectively replicate in cancer cells lacking functional p53, which is the most common genetic abnormality identified in human cancer. 28, 29 Arming OVs refers to the addition of genes that encode molecules that enhance OV oncolytic potency. One example of arming belongs to another oncolytic adenovirus that was engineered to express TRAIL (TNF-related apoptosis-inducing ligand). Expressing TRAIL increases the potency of oncolytic adenovirus in vitro and in animal tumor models by enhancing apoptotic cell death. 30, 31 While targeting and arming have focused on improving the cytolytic effect of OVs on cancer cells, shielding modifications have been applied to increase OV distribution and spreading by adding coats of polymers surrounding viral particles or changing their envelopes or capsids to avoid neutralizing antibodies detection. 25 The potential for improvement with this third modification was not originally appreciated when viruses were predominantly tested in vitro or in immunocompromised xenograft models, but the increasing use of immunocompetent murine tumor models to evaluate OVs Oncolysis also releases tumor-associated antigens (TAAs), cellular damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) in a highly inflammatory process, termed "immunogenic cell death" (ICD). Cellular detection of viral infection and the products of oncolysis trigger the rapid activation of a host antitumor immune response. The direct recognition and killing of tumor cells are primarily mediated by natural killer cells of the innate immune system and tumor antigen-specific CD8+ cytotoxic T lymphocytes (blue cells) of the adaptive immune system.
highlighted the need to shield some OVs from immune-mediated clearance. 32, 33 Genetic engineering technologies were pivotal in the history of OVT, particularly to enable the use of human-specific viruses. However, the efficacy of OVT was originally attributed almost exclusively to the ability of the virus to replicate in and spread through the tumor and eliminate all cancer cells through the release of progeny virions. Most of the preclinical studies involved in vitro assays and immunocompromised xenograft models. Indeed, based on this premise, early clinical trials used immunosuppressive drugs to limit the antiviral immune response and allow the OV to replicate to higher levels by increasing OV propagation and survival within infected tumors. 34, 35 However, this approach failed and drew into question the clinical applicability of OVT. Although it is now appreciated that the tumor microenvironment is immunosuppressive and, therefore, likely to be more permissive for viral replication, the extrapolation from immunocompromised preclinical models to immunocompetent patients was too simplistic. The understanding that the anticancer mode of action of OVs is more complex than simply direct cancer cell lysis is becoming more evident. 36 
OVT as immunotherapy
While OV replication within tumors was assumed to cause direct lysis of resident cancer cells, leading to clearance of the bulk of the tumor, 36 preclinical and clinical data consistently suggest that OVs also utilize other anticancer mechanisms to eradicate tumors. For example, oncolytic vaccinia virus and vesicular stomatitis virus (VSV) have the additional ability of targeting tumor vasculature affecting tumor blood supply and, therefore, tumor progression. 37 However, the most relevant mechanism of action is the initiation of a host antitumor immune response, which is now considered an essential aspect of OVT (Figure 1 ). [38] [39] [40] The initiation of a host antitumor response can be explained by the ability of many OVs to induce immunogenic cell death (ICD) of cancer cells, 41, 42 including pyroptosis, 43, 44 necroptosis, 45, 46 immunogenic apoptosis, 47 and autophagic cell death. 43, 44 ICD causes the exposure or release of cellular damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) as danger signals, along with tumor-associated antigens (TAAs) (Figure 1 ). DAMPs attract antigen-presenting cells (APCs) such as dendritic cells (DCs) that engulf TAAs and receive maturation signals. DAMPs also induce DCs to produce proinflammatory cytokines. Mature DCs present TAAs to naïve T cells, initiating antigen-specific immune responses that mediate targeted destruction of residual and recurrent tumor cells. [48] [49] [50] [51] [52] The direct recognition and killing of tumor cells are primarily mediated by natural killer (NK) cells of the innate system and tumor antigen-specific CD8+ cytotoxic T lymphocytes of the adaptive immune system (Figure 1) . 13, 40 In addition, OVs trigger an antiviral immune activation in tumor cells, even without productive replication, 53 that helps to activate antitumor immune stimulation. 54 PAMPs activate a cascade of signaling events that stimulate the inflammasome and activate different transcription factors, culminating in the release of pro-inflammatory cytokines and DAMPs. These proinflammatory cytokines alter the balance of pro-and antiinflammatory factors within the tumor microenvironment, which is responsible for its immunosuppressive state. [55] [56] [57] [58] In addition to counteracting tumor-induced immunosuppression, these compounds mediate the recruitment of cytokine-releasing immune cells with additional effector function, amplifying host antitumor immunity. 59, 60 Moreover, OV-infected cancer cells process and present virus-specific antigens on their surface, facilitating their identification and destruction by antiviral T cells. 12 Thus, antiviral immune stimulation triggered by PAMPs and viral antigens potentiates the antitumor immune response. Indeed, some authors believe that initial antiviral immunological events form the foundation of OV-based cancer immunotherapy rather than restricting OV efficacy by limiting viral replication and spread. 54 The fact that OVs induce anticancer immune responses has been known since the late 1990s, when an oncolytic HSV-1 was shown to elicit TAA-specific adaptive immune responses, functioning as an in situ cancer vaccine, in syngeneic murine models of melanoma and colorectal cancer. 61 Currently, there is plenty of evidence suggesting that activation of the host immune system is a crucial component of OVT success. The rationale for the design of Talimogene Laherparepvec (T-VEC), the first OV licensed by the FDA as a cancer therapeutic for metastatic melanoma, followed this premise. T-VEC is an oncolytic HSV-1 that has deletions in two genes, ICP34.5 and ICP47, and additionally expresses granulocyte macrophage colony-stimulating factor (GM-CSF). The deletion in ICP34.5 confers selectivity to cancer cells, the deletion in ICP47 removes the inhibition of transporter involved in antigen processing (TAP), improving antigen presentation, and GM-CSF promotes APC recruitment and maturation, stimulating antitumor immunity. 62, 63 Another OV that also encodes GM-CSF is the oncolytic vaccinia virus pexastimogene devacirepvec (PexaVec) that is now in a phase III trial for the treatment of hepatocellular carcinoma in combination with the chemotherapy Sorafenib. 5 The future of immunotherapy will certainly include OVs since their unique mechanism of action shows promise in overcoming obstacles inherent to other immunotherapies. 5 Is productive replication essential for OV antitumor efficacy?
Preclinical and clinical studies support the multi-modal mechanism of action of OVs that includes direct oncolysis and indirect induction and augmentation of host antitumor immunity (Figure 1) . 5 Consequently, the improvement of either or both modes of action by genetic modification of the virus or combining with other therapies should in principle improve OVT. Following this reasoning, Sobol et al. tested in an immune competent murine model of breast cancer OVs with different replication capacities and cytopathic effects in vitro, including HSV-1 OVs harboring a single or double mutation(s) and a VSV M protein mutant. 12 Despite significant differences in virus replication, spread and cellular toxicity in vitro (VSV ⋙ HSV single mutant > HSV double mutant), tumor regression and survival were similar with all three viruses in vivo, even when using a 50-fold excess of VSV OV over the HSV-1 OVs, indicating that in vitro cytolytic properties can be poor prognostic indicators of in vivo antitumor activity. 12 A similar study found a negative correlation between in vitro replication and in vivo antitumor activity of HSV-1 and HSV-2 harboring one of two different ICP0 mutations. 64 In vitro, both HSV-2 OVs showed enhanced replication, cell toxicity and release of the immune stimulatory molecule HMGB1, while both HSV-1 OVs demonstrated almost no replication or toxicity and failed to release HMGB1. Despite showing the lowest "oncolytic" activity in vitro and being cleared most rapidly in vivo, HSV-1 dICP0 treatment was the only treatment to confer a significant survival benefit in a murine breast cancer model. Moreover, treatment with HSV-1 dICP0, but not HSV-2 dICP0, induced HMGB1 release in vivo, 64 highlighting the divergence between in vitro and in vivo findings. In a different study, instead of comparing different OVs within the same murine model, three syngeneic murine sarcoma models were evaluated with the same HSV-1 ICP6 mutant OV. 65 Interestingly, neither viral permissivity nor cytotoxicity in vitro was predictive of in vivo tumor regression and survival, as the in vivo antitumor effect ranged from no or modest response to complete tumor regression and protection from tumor rechallenge, despite a similar level of tumour cell permissivity in vitro. In both studies, tumor reduction was T-cell mediated with a tumor-specific antigen response. 64, 65 Thus, at least in the context of oncolytic HSV, the initial stages of virus infection leading to activation of antitumor immunity are more important than virus replication and persistence within the tumor causing direct tumor debulking (Figure 2) . In other words, the traditional dogma that correlates productive replication with potency of OVs does not always apply for oncolytic herpesviruses.
Poxviruses are another family of large DNA viruses with a potential antitumor activity that also does not always follow the traditional dogma of OVT. Using heat-inactivation, Dai et al. showed that a non-replicating modified vaccinia virus Ankara (MVA) was more effective than replicating MVA as an OV invivo. 66 Inactivated MVA (iMVA) was able to shrink not only melanoma tumors following direct intratumoral injection, but it was also able to control the growth of non-injected distant tumors, indicating a potent antitumor immunity induction. The effectiveness and adaptive antitumor immune response activation of iMVA were also observed in a murine colon cancer model. In addition, the combination of iMVA and immune checkpoint inhibitors, which relieve T cell inhibitory mechanisms of the suppressive tumor microenvironment, generated synergistic antitumor effects in bilateral tumor implantation models as well as in a unilateral large established tumor model. 66 In the case of MVA, only the initial stages of the virus life cycle that precede viral gene expression and genome replication seem to play an important role in MVA therapeutic activity (Figure 2 ).
Reovirus is a naturally occurring, non-pathogenic doublestranded RNA virus, with selective toxicity toward cells with an activated Ras pathway. 67, 68 Reovirus is under investigation in phase I and II clinical trials and is considered a potential candidate for phase III trials. 69 Although viral life cycles of RNA viruses differ significantly with those of DNA viruses, antitumor activity of reovirus type 3 in vivo was also independent of virus replication in a B16 murine melanoma model. 70 In vitro, mouse melanoma cells were resistant to direct oncolysis and failed to support reovirus replication. Limited reovirus replication was also observed in vivo. However, reovirus was able to induce an antitumor immune response and purged lymph node and splenic metastasis in immunocompetent mice, while it failed to reduce tumor burden in immunodeficient mice. Using human cells in vitro, Prestwich et al. also showed that direct reovirus oncolysis is not required to prime antitumor immunity, with UV-inactivated reovirus being similarly immunogenic, suggesting that only the initial stages of reovirus infection play an essential role in antitumor immunity activation (Figure 2 ). 70 Similar, yet different, is the case of another RNA virus, VSV. Single-replication cycle VSV showed to be as effective as fully replicating VSV, while inactivated VSV failed to show therapeutic outcome, indicating that viral gene expression, genome replication or even late stages of the VSV cycle are important for VSV antitumor activity. Following this hypothesis, the authors found a strong correlation between viral gene expression, induction of proinflammatory activity in the tumor and in vivo therapy success, showing that in the case of VSV, viral gene expression is central but a productive, multi-cycle infection is not necessary for antitumor efficacy. 71 A third case of an RNA OV that does not match with traditional OV dogma is Newcastle Disease Virus (NDV). This avian virus has interesting anti-neoplastic and pleiotropic immune stimulatory properties and has demonstrated safety in phase II clinical studies. 72 According to the properties of the viral fusion protein, NDV can be divided into lytic and non-lytic strains. Lytic strains are able to produce infectious progeny by disrupting the plasma membrane of infected cells, while non-lytic strains mainly stimulate immune responses. 73 An interesting observation to highlight is that both strain types have antitumor potential, 74 with a non-lytic strain being superior to a lytic strain in some instances. 75 Thus, the way tumor cells die, or in other words, the way OVs kill tumor cells, can make a significant difference in terms of OVT success, drawing into question the need for "lytic" outcomes with OVs.
Conclusions
Here, we reviewed the advances of OVs from natural acquired infections to specifically engineered viruses to target cancer in a more selective and potent way. 22, 25 We also discussed the importance of OV activation of an antitumor immune response to kill, in an indirect manner, not only the primary tumor cells but also metastatic cells that often remain invisible to clinical detection. Moreover, this powerful mechanism of action of OVs is showing promise to overcome obstacles inherent to other immunotherapies. 5 OVs have a multiple modes of action that can include direct oncolysis, indirect antitumor immunity induction and other mechanisms such as tumor vasculature disruption. 5, 37 Alternative mechanisms of OV activity are still under investigation, including OV infection of immune cells such as DCs 66 and activation and/ or exposure of neoantigens. 76 However, oncolysis and antitumor host immune response augmentation are still the main focus of attention. Preclinical and clinical studies have demonstrated that oncolysis alone is not sufficient to completely destroy tumors. Although the tumor microenvironment is locally immunosuppressed, it still has host immune and stromal cells that are competent at controlling viral infections. The clearance of the virus before complete destruction of the tumor, coupled with a complex and dense tumor architecture, is likely the main reason why amplification of viral oncolysis alone is not enough for OVT success. 25 Conversely, the induction of host antitumor immunity is crucial for OVT success. 36, 40 Therefore, the way tumor cells die seems to be the key in OVT, and it is more important than how many tumor cells are killed directly by the virus. 40 ICD is by consensus the form of regulated cancer cell death which culminates in the release of DAMPs that induce potent anticancer immunity via specific adaptive immune response against antigens presented on dying cells. However, different pathways regulate the capacity of a particular agent to drive bona fide ICD and the ability of the host to perceive such an instance of cell death as immunogenic. 41 Ongoing studies are trying to elucidate which aspects of ICD activate the "right" DAMPs, induce the production of the "right" cytokines and, overall, stimulates the strongest antitumor immune response. 77, 78 Additionally, we opened for discussion the traditional dogma that correlates replication with efficacy of OVs, pointing out several examples that oppose this principle. While questioning the traditional dogma, we are not intending to suggest that inactivated or defective OVs are always better platforms for OVT. Indeed, our own first HSV-1 OV study found that inactivated virus was significantly less effective than replication competent OV. 26 However, it is important to consider that OVs that retain antitumor activity with reduced replication and spread capacity are likely more clinically valuable from a safety perspective. Our intention here is to point out that increasing OV replication may not be always the best approach to improve OVT. Moreover, focusing the attention on improving OV replication or evaluating potential therapeutic combinations in vitro to find the most potent clinical candidate or approach could be problematic since in vitro outcomes can be poor prognostic indicators of in vivo antitumor activity.
12,64 Thus, we believe that a better understanding of the complex interactions between OVs, tumor cells, the host immune system and the rest of the tumor microenvironment, currently available only within in vivo models, will be the key to potentiate the next generation of OVT. However, preclinical mouse models of cancer poorly predict patient outcomes given species differences. 79 Thus, we believe that the strategic design of phase I clinical trials is of paramount importance. Additionally, closer monitoring of patients' progression after treatment by assessing tumor volumes, virus replication by imaging, 80 immune markers in blood, type of cancer cell death and presence of DAMPs in tumor biopsies, is central to better understand how OVs function within the patient population.
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